Background: Neonatal Encephalopathy (NE) is a prominent cause of infant mortality and neurodevelopmental disability. Hypothermia is an effective neuroprotective therapy for newborns with encephalopathy. Posthypothermia functional-anatomical correlation between neonatal neurobehavioral abnormalities and brain injury findings on MRI in encephalopathic newborns has not been previously described. Aim: To evaluate the relationship between neonatal neurobehavioral abnormalities and brain injury on magnetic resonance imaging (MRI) in encephalopathic newborns treated with therapeutic hypothermia. Study design: Neonates with hypoxic ischemic encephalopathy (HIE) referred for therapeutic hypothermia were prospectively enrolled in this observational study. Neurobehavioral functioning was assessed with the NICU network neurobehavioral scale (NNNS) performed at target age 14 days. Brain injury was assessed by MRI at target age 7-10 days. NNNS scores were compared between infants with and without severe MRI injury. Subjects & outcome measures: Sixty-eight term newborns (62% males) with moderate to severe encephalopathy underwent MRI at median 8 days (range 5-16) and NNNS at median 12 days of life (range 5-20). Fifteen (22%) had severe injury on MRI. Results: Overall Total Motor Abnormality Score and individual summary scores for Non-optimal Reflexes and Asymmetry were higher, while Total NNNS Z-score across cognitive/behavioral domains was lower (reflecting poorer performance) in infants with severe MRI injury compared to those without (p b 0.05). Conclusions: Neonatal neurobehavioral abnormalities identified by the NNNS are associated with MRI brain injury in encephalopathic newborns post-hypothermia. The NNNS can provide an early functional assessment of structural brain injury in newborns, which may guide rehabilitative therapies in infants after perinatal brain injury.
Introduction
Neonatal Encephalopathy (NE) is a prominent cause of infant mortality and neurodevelopmental disability [1, 2] . Hypothermia has emerged as the only proven effective neuroprotective therapy for newborns with encephalopathy. However, despite its success, infants with moderate to severe encephalopathy continue to have a 30-70% risk of death or significant disability [3] [4] [5] [6] . It is critical that areas of deficit are systematically quantified in order to gage treatment effects and guide rehabilitative therapies. Brain injury findings on MRI in encephalopathic newborns have been published from two large multicenter randomized controlled trials of whole body hypothermia (NICHD [7] and TOBY [8] trials). However, post-hypothermia functional-anatomical correlation between neonatal neurobehavioral abnormalities and brain injury findings on MRI in encephalopathic newborns has not been previously described. Early assessment of infants at risk for functional impairment after perinatal brain injury is essential to inform planning of developmentally supportive care and guide referrals to early intervention services for this high-risk population.
The NICU network neurobehavioral scale (NNNS) is a strong candidate for use in documenting neurobehavioral status post therapeutic hypothermia. The NNNS is a comprehensive standardized assessment designed to measure processes of biobehavioral organization in neonates. The NNNS was developed by Lester and Tronick as a quantitative assessment of neurological integrity and behavioral functioning in high-risk infants under the auspices of the National Institute of Child Health and Human Development Neonatal Research Network [9] . The examination consists of 45 administration items and 70 observation items that are scored and transformed into 13 summary scores based on conceptual and statistical grouping of items [10] . These scores offer quantitative measures of individual neurobehavioral domains including: Habituation, Attention, Handling, Quality of Movement, Regulation, Nonoptimal Reflexes, Asymmetrical Reflexes, Stress/Abstinence, Arousal, Hypertonicity, Hypotonicity, Excitability, and Lethargy. Normative data is available [11] and the instrument has adequate psychometric properties [12] . Additionally, the NNNS has been related to a later developmental outcome in other high risk neonatal populations (i.e. substance exposed [13, 14] and preterm infants [15] ). Certification to administer the NNNS is achieved after formal instruction and reliability testing for both administration and scoring.
As current and future neuroprotective therapies become available for newborns presenting with encephalopathy after birth, reliable early neurobehavioral assessment can serve a critical role in both confirming the functional impact of anatomical injury diagnosed by MRI and providing detailed assessment of affected domains in order to guide rehabilitative therapies. The present study was undertaken to evaluate if the NNNS can serve as a systematic evaluation of neurobehavioral functioning in this high-risk population. We hypothesized that HIE infants with severe MRI brain injury would have poorer performance on the NNNS compared to those with mild injury or normal MRI.
Methods

Participants
All patients referred to our Level IIIC neonatal intensive care unit (NICU) over a 4-year period (May 2008-June 2012) for therapeutic hypothermia were approached for enrollment in this prospective observational study. Participants were treated with whole-body hypothermia according to the NICHD Neonatal Research Network protocol [4] . Therapeutic hypothermia was offered based on established NICHD inclusion criteria (i.e. infants were greater than 36 weeks gestational age, greater than 1800 g at birth, demonstrated metabolic acidosis and/or low Apgar scores, and exhibited signs of moderate to severe clinical encephalopathy). Infants with suspected chromosomal abnormalities or major congenital anomalies were excluded. The study was approved by the Institutional Review Board at Children's National Medical Center. Written informed consent and Health Insurance Portability and Accountability Act Authorization were obtained from the parent(s) of each participant.
Data collection
Magnetic resonance imaging
MRI was performed at target 7-10 days of life on a 1.5 Tesla scanner (Signa, General Electric, Milwaukee, USA). Standard sequences included sagittal and axial spin echo (SE) T1, dual echo axial SE proton density (PD) and T2 images, coronal fast spin echo (FSE) T2 and axial diffusion weighted images (DWI). Images were reviewed by 2 neuroradiologists (N.K. & G.V.) who were masked to the clinical characteristics and NNNS scores of the participants. Images were scored according to Barkovich [16] in which deep nuclear gray injury is assigned a basal ganglia (BG) score ranging from 0 to 4 and cortical/ white matter injury assigned a watershed (WS) score ranging from 0 to 5. White matter injury (WMI) was also scored according to Miller as mild, moderate or severe [17] . Discrepancies in scoring were resolved by consensus. Participants were classified as having severe MRI injury if BG score was ≥3, WS score was ≥4, or severe WMI was present. Dichotomization of MRI outcome was done to facilitate clinical interpretation of results and based on previous studies using similar methodologies evaluating qualitative MRI interpretation in this population [8, 18, 19] .
Neurobehavioral assessment
The NNNS was performed in study participants at target age of 14 days by a certified examiner. NNNS summary scores were grouped into 2 categories: 1) those that reflected motor performance and 2) those that reflected cognitive/behavioral functioning. Motor scores that were comprised of counts of abnormal items in a given domain were summated to derive a Total Motor Abnormality Score as an overall measure of motor performance across domains. Cognitive/ behavioral summary scores, which were comprised of a calculated mean of requisite items, were converted to Z-scores normalized to published values for healthy term newborns [11] , with positive scores reflecting better performance on a given domain compared to these norms. This enabled calculation of a Total NNNS Z-score (summation of the 6 cognitive/behavioral functioning Z-scores) that represented an individual participant's cognitive/behavioral performance across domains. The quality of movement was assessed separately as a measure of motor maturity scored as a calculated mean of requisite items. The description of the grouping and clinical interpretation of each summary score is presented in Table 1 [20] . For comparison, standard neurological assessment with the Amiel-Tison Neurological Assessment at Term [21] was performed by a pediatric neurologist on the same day the NNNS was completed.
Statistical analysis
Descriptive statistics are presented as a mean ± standard deviation or median (range) as appropriate. Independent samples t and Fisher's exact tests were used to evaluate differences between groups for continuous and categorical variables respectively. Mann Whitney U tests were used to evaluate differences in non-parametric variables such as pH and Apgar scores. Multiple regression models were also 
Results
A total of 94 term encephalopathic newborns were enrolled in the study. Fifteen patients (16%) died prior to target age for NNNS and MRI. NNNS was not performed in 11/79 (14%) eligible surviving infants due to either clinical instability precluding exam at target age (n = 4) or exam missed due to unavailability of the examiner at time of discharge (n = 7). These infants all had moderate encephalopathy and were similar to the final study cohort who were assessed by the NNNS with regards to demographic and presenting characteristics (p > 0.05). Data was therefore available for 68 participants who underwent NNNS examination at median 12 days of life (range [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Complete NNNS data with requisite number of items to calculate a Total NNNS Z-score was available for 51/68 (75%) participants. Infants with incomplete NNNS data had a higher frequency of seizures and severe encephalopathy (p b 0.05), reflecting the severity of illness that precluded administration/scoring of all requisite items. Clinical characteristics of the study population are presented in Table 2 .
MRI was performed in all enrolled infants at a median age of 8 days (range 5-16 days). Severe injury on MRI was observed in 15 (22%) of infants. The majority (n = 9) of infants had severe BG injury. The remaining infants had severe WS injury (n = 4), global injury (n = 1) or severe WMI (n = 1). Twenty-five (37%) infants had normal MRI, while the remainder had mild WS (n = 5), BG (n = 2) or WMI (n = 21). Infants with incomplete NNNS were more likely to have severe MRI injury compared to patients with complete NNNS NNNS Total Motor Abnormality Score and individual summary scores for Asymmetry and Non-optimal Reflexes were higher in infants with severe MRI injury compared to those without severe injury (Fig. 1) . Except for Habituation score, mean cognitive/behavioral functioning Z-scores were lower across domains (reflecting suboptimal performance) in infants with severe MRI injury (Fig. 2) , but this difference was only statistically significant for Total NNNS Z-score (p = 0.049). The quality of movement score did not differ between groups (p > 0.05). Mean NNNS scores and severity classification by clinical neurological assessments are presented in Table 3 for comparison. While initial encephalopathy grade did not differentiate between groups with and without severe MRI injury, both neurological and neurobehavioral exams performed after hypothermia were associated with MRI outcome group. After controlling for the gestational age and the age at NNNS in a multiple regression model, Total Motor Abnormality, Non-optimal Reflexes, and Asymmetry scores remained significantly associated with severe MRI injury, while the association between lower Total NNNS Z-score and severe MRI injury was no longer statistically significant (Table 4 ).
Discussion
In the present study, vulnerabilities in several neurobehavioral domains were identified using the NNNS in encephalopathic newborns after therapeutic hypothermia. Clinical signs of neurobehavioral dysfunction in motor domains were associated with MRI evidence of brain injury. Identifying neurobehavioral abnormalities and understanding the association between functional performance and structural damage is critical for guiding treatment and improving outcome after perinatal brain injury. Assessment instruments that are valid, reliable, and practical for use in this high-risk population are needed. The current study supports that the NNNS may be useful in this capacity and deserves further evaluation in this population.
The standard neurological exam and classification of encephalopathy by Sarnat staging have been traditionally used to document clinical neurological status in babies with HIE [22] . Recently, the initial clinical exam has been demonstrated to be less useful as a predictor of outcome in infants who are treated with hypothermia [23] , whereas serial examination or examination after rewarming had improved predictive abilities [23, 24] . In the present study, only 4/8 (50%) of infants with severe encephalopathy at presentation had severe MRI Table 2 Characteristics of the study population.
Overall cohort (n = 68) Complete NNNS (n = 51) Birthweight ⁎ (kg) 3.4 ± 0.7 3.3 ± 0.7 Gestational age ⁎ (weeks) 38.8 ± 1.9 38.7 ± 1. injury post hypothermia. Conversely 11/60 (18%) of patients initially presenting with moderate encephalopathy had severe injury on MRI. These results further support that initial clinical assessment of encephalopathy grade, while important for early risk-stratification to guide therapeutic decision making, is not an absolute indicator of later developmental outcome. Clinical assessment after hypothermia is therefore an important aspect of care that can help further risk stratify patients for additional interventions (e.g. longer cooling, other future adjuvant therapies) or reparative/rehabilitative therapies (e.g. stem cell therapies, directed early intervention services), as well as offer prognostic information for families. An instrument such as the NNNS, that provides detailed continuous measures rather than normal versus abnormal classifications, may allow for detection of subtle but significant functional impairment after perinatal brain injury. It should be noted that the NNNS is currently largely utilized in the research setting for quantification of abnormalities, possibly related to the training and certification requirement for reliability. Further study is needed to assess if the NNNS provides more accurate prediction of outcome compared to standard neurological exam performed post-recovery from hypothermia. Additionally, these future studies evaluating the ability of the NNNS to predict later developmental impairment will need to establish cut-points for NNNS scores before it can be translated into more widespread clinical application.
While MRI remains the 'gold standard' for the subacute diagnosis of perinatal brain injury [25, 26] , prediction of later functional impairment remains imprecise [16, 17] . This may be due to microstructural injury below anatomical resolution of MRI in cases where impairment manifests in the setting of normal imaging. Conversely, intact outcome observed in the setting of diagnosed anatomical injury may be due to the inherent plasticity and reparative capacity of the newborn brain. Thus, clinical assessment of the functional impact of anatomical injury remains important in the care of these high-risk infants. It is possible that independent assessment of brain structure and function provides additive and/or corroborating information about the neurological status of the infant. Such complementary information is important when making treatment decisions and counseling families.
Neurobehavioral abnormalities detected by the NNNS may represent early manifestations of later neurodevelopmental impairment, as the NNNS has been demonstrated to be predictive of outcome in other at-risk groups. NNNS performance has been correlated with behavioral problems in school-aged children exposed to drugs in utero [13, 14] , with motor outcome at 2 years of age in children born pre-term [15] , and with medical and behavioral problems through age 4 years, 6 months in very pre-term infants [14] . NNNS correlation with long-term developmental outcome is needed in infants with HIE and is currently underway.
There are limitations to the present study. That all surviving eligible patients did not undergo NNNS evaluation may introduce selection bias. However, given that this was a random and relatively rare occurrence, and that missed infants did not have distinguishing clinical or demographic characteristics from the study population evaluated, concern for biased results is somewhat mitigated. That some infants were not evaluated due to clinical instability at 2 weeks of life, may in itself be an indicator of functional status since infants who had incomplete assessments were at higher risk for severe MRI injury. Sample size limitations precluded more robust statistical analysis. Inclusion of all potential covariates was not feasible in this dataset, thus the statistical approach to minimize included variables via preliminary univariable analysis was used. We included age at NNNS exam as a covariate that significantly differed between MRI outcome groups. The impact of postnatal age on the NNNS is unclear as the exam is described to be valid from the first day of life through 46 to 48 weeks post conceptual age [27] . Although we targeted a specific day of life for NNNS assessment, remaining variability was accounted for by inclusion of this factor in the regression analyses. We also included gestational age, which demonstrated a trend towards difference between MRI outcome groups. Gestational age is a known important and immutable factor that has a prominent relationship with both developmental outcome and NNNS profiles [13] . It is acknowledged that selected covariates included in the regression analyses may not represent all significant variables that could affect the relationship between NNNS scores and MRI injury. Finally, although the final sample size included would allow for the detection of a small to medium effect size (f 2 = 0.12-16) according to post-hoc power analyses [28] , it is possible that sample size limitations could have affected the detection of a more subtle but significant relationship between Total NNNS Z-score and MRI outcome. We consider these analyses hypothesis generating. Further study is needed, and underway, to evaluate the relationship between NNNS scores, MRI injury and later developmental outcome.
Conclusions
Subtle alterations in the neurobehavior of encephalopathic newborns following therapeutic hypothermia can be identified by NNNS assessment. Abnormalities in motor domains are associated with evidence of injury on MRI. Further investigation is warranted to evaluate the potential role of the NNNS as an early assessment of injury severity and predictor of later outcome for encephalopathic newborns treated with hypothermia.
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